Drosophila melanogaster belongs to a closely related group of eight species collectively known as the melanogaster subgroup; all are native to sub-Saharan Africa and islands off the east coast of Africa. The phylogenetic relationships of most species in this subgroup have been well documented; however, the three most closely related species, D. simulans, D. sechellia, and D. mauritiana, have remained problematic from a phylogenetic standpoint as no data set has unambiguously resolved them. We present new DNA sequence data on the nullo and Serendipity-a genes and combine them with all available nuclear DNA sequence data; the total data encompass 12 genes and the ITS of rDNA. A methodological problem arose because nine of the genes had information on intraspecific polymorphisms in at least one species. We explored the effect of inclusion/exclusion of polymorphic sites and found that it had very little effect on phylogenetic inferences, due largely to the fact that 82% of polymorphisms are autapomorphies (unique to one species). We have also reanalyzed our previous DNA-DNA hybridization data with a bootstrap procedure. The combined sequence data set and the DNA-DNA hybridization data strongly support the sister status of the two island species, D. sechellia and D. mauritiana. This at least partially resolves what had been a paradox of parallel evolution in these two species.
Introduction
Since its initial use in the development of the field of genetics, Drosophila melanogaster has held a central position in biological research. Its use in evolutionary studies had been limited as it was thought not to be optimal material primarily because the species is a human commensal and, with the exception of D. simulans, does not have any close relatives. A reawakening of evolutionary interest in the group has occurred due to the documentation that at least six other very closely related sub-Saharan African species exist, namely D. yakuba, D. teissieri, D. erecta, D. orena, D. sechellia, and D. mauritiana (reviewed in Lemeunier, David, and Tsacas 1986; Lachaise et al. 1988) . Together, these eight species have become known as the melanogaster subgroup. The discovery of these relatives has led to the acceptance that D. melanogaster and D. simulans originated in sub-Saharan Africa, where truly natural (i.e., noncommensal) populations still exist. Furthermore, the existence of close relatives facilitates comparative work. The group has become a paradigm for speciation studies primarily due to the extremely close relationship of three of the species, D. simulans, D. sechellia, and D. mauritiana. Reciprocal crosses among all three species yield fertile females and sterile males. Given the many mutant markers available for D. simulans, this has allowed for relatively detailed genetic studies of reproductive isolation between the species (Coyne and Charlesworth In order for a group of species to serve as optimal material for evolutionary studies, knowledge of the phylogenetic relationships of the individual species is required. Studies of chromosomal inversions (Lemeunier and Ashburner 1984) , allozymes (Eisses, van Dijk, and van Delden 1979; Gonzalez et al. 1982; Cariou 1987) , DNA-DNA hybridization (Caccone, Amato, and Powell 1988) , and both mitochondrial (Solignac, Monnerot, and Mounolou 1986) and nuclear DNA sequences (references in table 1) have all been performed on the melanogaster subgroup and a strong consensus of relationships has resulted. Three major clades exist: the orenaerecta clade is the deepest, followed by a clade including yakuba-teissieri, with the four remaining species being the youngest clade. Within this last clade, D. melanogaster diverged first followed by the simulans-sechellia-mauritiana triad (henceforth referred to as the "sim-triad").
It is the relationship among the members of the sim-triad which remains problematic. These species are so closely related that no single data set has been able to resolve them with any strong statistical assurance (reviewed in Lachaise et al. 1988) .
Our new data are for the nullo and Serendipity-a (Sry-CX) genes, genes involved in cellularization of the blastoderm (Rose and Wieschaus 1992; Vincent, Colot, and Rosbash 1985) . We sequenced these genes in five species within the subgroup as well as a species outside the subgroup, D. lutescens. We searched GenBank for other nuclear genes sequenced in the three species of the sim-triad as well as in D. melanogaster; many were also known from D. yakuba so we could use two species as outgroups for the sim-triad as well as test for the monophyly of the sim-triad. Ten genes and an rRNA intergenic spacer met our criteria (table 1) . Of these, nine genes have been studied for intraspecific polymorphism in at least one species of the sim-triad, so we had the methodological problem of how to treat these data. We chose two strategies. First, we eliminated all poly- Cohn and Moore (1988) , Coyne and Kreitman (1986) , Jeffs, Holmes, and Ashbumer (1994) , Bodmer and Ashbumer (1984) , Maruyama and Hart1 (1991); 7-Inomata et al. (1995) , Shibata and Yamazaki (1995); 8-Toung, Hsieh, and Tu (1991) , Hargis and Cochrane (unpublished data from GenBank); 9- Vincent, Colot, and Rosbash (1985) ; lO-Berry, Ajioka, and Kreitman (1991); 11-Schlijtterer et al. (1994) .
morphic sites. Second, we coded all polymorphic sites as such. We also reanalyzed our earlier DNA-DNA hybridization data adding the bootstrap procedure. Combining all results, a strong consensus is reached regarding the relationships within the sim-triad.
Materials and Methods

Sample Preparation
We sequenced most of the coding region of the nullo and &y-a genes in seven Drosophila species. DNA was extracted from frozen flies by standard phenol-chloroform extraction and proteinase K digestion (Werman, Davidson, and Britten 1990) . We amplified approximately 600 bp of the null0 gene and 1,500 bp of %-y-a from single flies by the polymerase chain reaction (PCR) (Saiki et al. 1988 Zutescens (44°C) . The amplified gene fragments were cloned into the vector "PCRII" using the TA cloning kit (Invitrogen Corporation). Clones were sequenced in both directions either by automated sequencing (Applied Biosystems Model 373A) using the Prism Cycle Sequencing kit (ABI) or by manual sequencing with either the Cycle Sequencing Kit (Perkin-Elmer) or the Sequenase version 2.0 DNA sequencing kit (U.S. Biochemical). GenBank accession numbers for our data are in the Appendix.
Sequence Data
In addition to the nullo and Sry-a genes, we analyzed 11 other nuclear DNA gene regions for which sequences were available for multiple species of the melanogaster subgroup. O (1995) are listed in the Appendix except for use and ci, whose sequences were not available from GenBank. Table 1 shows the length of coding and noncoding regions for each gene used in this study. Noncoding regions include introns and 5' and 3' regions of genes and the ITS. Sequences were aligned using CLUSTAL W (Thompson, Higgins, and Gibson 1994) and by eye. Alignments are available via e-mail from the authors on request.
Phylogenetic Analysis
Three methods of phylogenetic reconstruction were used: neighbor-joining (NJ; Saitou and Nei 1987) and maximum-likelihood (ML; Felsenstein 198 1) analyses were implemented using the PHYLIP 3.57~ program package (Felsenstein 1995) ; maximum-parsimony (MP) analysis was performed using PAUP version 3.1.1 (Swofford 1993). For NJ trees the numbers of nucleotide substitutions per site were estimated by the two-parameter method (Kimura 1980) . In the ML analysis, the options "global rearrangement," "empirical base frequency," and "2.0 transition/transversion ratio" were used. The MP method was carried out using the branch-and-bound option with equal weighting of all nucleotide substitutions. For the coding regions, NJ and MP analyses were carried out by using only the third codon positions as well as by using all codon positions; this made virtually no difference and we present here results only from analyses using all positions. For the MP method on noncoding regions, indels (insertions and deletions) were coded as single characters, irrespective of their length, and when indels of different lengths overlapped, each size class was considered a different character state.
Nine of the genes had polymorphism data available for at least one species. We first analyzed the data excluding all polymorphic sites. To test if eliminating polymorphic sites distorted the analyses in any significant manner, we then analyzed all data including polymorphic sites coded as such.
The robustness of the phylogenetic hypotheses was tested by bootstrapping (Felsenstein 1985) using 1,000 replications. All analyses were performed on each gene region separately and then all were combined into a single data set for each of the three methods of analysis. For the combined data set for the MP analysis, we also performed Templeton's (1983) nonparametric test. We used the conservative two-tailed Wilcoxon rank sum test (Larson 1994) .
For completeness, we also analyzed the available mtDNA data (Satta and Takahata 1990) . We treated the data the same as we did the nuclear data, i.e., included and excluded polymorphic sites, and we analyzed the data separately and combined with the nuclear data. We only performed MP analysis. NJ and ML methods require a model of DNA evolution and it is known that nuclear and mtDNA are evolving differently, so these methods are not appropriate for such a mixed data set.
DNA-DNA Hybridization Data
We reanalyzed our earlier DNA-DNA hybridization data (Caccone, Amato, and Powell 1988) by adding bootstrap sampling analysis. We used a program developed for DNA-DNA hybridization data by Krajewski and Dickerman (1990) . This program generates pseudoreplicate distance matrices by resampling the original data with replacement.
Subsequently, phylogenies are constructed for each pseudoreplicate matrix using the NJ method. The process was replicated 1,000 times to produce a distribution of all possible trees.
Results
First we address the polymorphism problem. Polymorphisms can be of two types. Either they arose after the last speciation event, and thus are autapomorphies with no phylogenetic information, or they existed prior to the last speciation event, in which case they are possibly misleading due to the segregation pattern during speciation (Pamilo and Nei 1988) . Table 2 presents the nature of polymorphisms for our data set. By far the majority of such sites, 241/295 (82%), are autapomorphies and thus do not affect phylogenetic inferences. Of the 54 potentially informative sites (synapomorphies), 39 are relevant to the sim-triad problem. Table 3 summarizes, by means of bootstrap analysis of all three phylogenetic methods, the strength of each data set in support of the three possible trees for the sim-triad. We have arbitrarily set off values of 80% or greater in boldface type to indicate reasonable robustness for a node. The majority of the genes and the combined data sets support the monophyly of the sim- not have strong signal without polymorphic sites, their inclusion did not change the results. The strength of the combined data also was not affected. Using other outgroups when available (table 1) and only thrid codon positions also did not affect the results (data not shown). Table 4 provides more details of the results of the MP analyses. Searches were carried out on each gene region separately and two combined data sets, including and excluding gap coding for the noncoding regions. Since we obtained similar results using different weighting schemes, we present only the data with equal weighting and excluding gaps coded as addtional characters. Of the 13 data sets (12 genes and ITS), six (z, n&lo, Yp2, Adh, GstDl, ci) have no information on the phylogenetic relationships for the sim-triad; by this we mean either there are no informative changes or equally parsimonious trees support all three possible relationships. Two genes (use and per) weakly (by one step) favor mauritiana-simulans as sister taxa. Acp26Aa is the only gene which supports the sechellia-simulans clade, although again the support is rather weak. D. mauritiana and D. sechellia are supported as sister taxa by Acp26Ab, Amy-p, B-y-cx, and ITS. When we combined all the coding sequences using either D. melanogaster or D. yakuba as an outgroup, we obtained only one most parsimonious tree, which in both cases strongly supported D. mauritiana and D. sechellia as sister taxa ("Combined coding" in table 4). Trees with either of the two alternative relationships (Ma-Si or Si-Se clades) were 16 to 18 (Me outgroup) or 10 to 12 (Y outgroup) steps longer than the MP trees. The same topology was supported by the noncoding combined data. Templeton (1983) developed a nonparametric procedure to test if a most parsimonious tree is statistically significantly better than an alternative topology. We applied this test to the sim-triad data set and the results are in table 4. By this test we can reject the two alternative arrangements of the triad for the coding data. The noncoding data reject only one other tree when Me is used as an outgroup.
It is again evident in table 4 that inclusion or exclusion of polymorphic sites has almost no effect on phylogenetic inferences. For the combined coding data, the number of steps from Ma-Se to alternatives is affected by only two steps. This does not affect the results of the Templeton test. Not surprisingly, when polymorphic sites are included, the consistency index is lower.
We have confined most of our analysis to nuclear genes for the sim-triad simply because there is evidence that introgression of mitochondrial genomes is occurring among these species . Also, there are relatively few relevant data for these species, only partial data for the ND2 and CO1 genes and three intervening tRNAs (Satta and Takahata 1990) . As Satta and Takahata demonstrate, the phylogenetic conclusions depend upon which sequence one uses. Nevertheless, for completeness we analyzed these data in the same manner as we handled the nuclear data. First, mtDNA by itself (ND2 and CO1 separately, and combined) did not provide any resolution as determined by the bootstrap; no values were greater than 80%. In table 4 we show that the most favored tree in MP analysis is only one step different from the alternative two trees. Combining all data (nuclear and mitochondrial, "Total" in table 4) does not change the conclusion that D. sechellia and D. mauritiana are sister taxa. This node is supported with 99%-100% bootstrap as well as by the Templeton (1983) test (table 4) . Table 3 also shows the reanalysis of our previous DNA-DNA hybridization data on the same species (Caccone, Amato, and Powell 1988). For D. melanogaster, D. simulans, and D. mauritiana we studied four strains each (only one D. sechellia strain was available at the time). Median melting temperature (ATm) values among species ranged from 057°C to l.l4"C, which roughly corresponds to l%-2% bp mismatch. ATm's have error estimates between O.l"C and 0.2"C, and the branch lengths between the nodes of interest in the trees based on ATm values varied from 0.2"C to 0.6"C (depending on the tree-making method used). We tentatively resolved the relationships within the sim-triad, favoring the sechellia-mauritiana clade, as indicated by a nonparametric Mann-Whitney U-test (Caccone, Amato, and Powell 1988) . Here we reanalyzed these same data by using a bootstrap program (Krajewski and Dickerman 1990) developed specifically for DNA-DNA hybridization data. The bootstrap analysis confirmed the results of the Mann-Whitney test, strongly supporting the monophyly of the sim-triad as well as D. muuritiana and D. sechellia as sister taxa.
Discussion
The somewhat unusual problem we had to face with these data was the intraspecific polymorphism information.
Various recommendations and discussions exist on how to handle such data in phylogeny studies (e.g., Davis and Nixon 1992; Brower and DeSalle 1994; Doyle 1995) . However, to our knowledge, there have been no empirical tests of the effects of including or excluding polymorphic sites on phylogenetic inferences. Therefore, we chose to test the effect of including or excluding polymorphic sites. As is evident from tables 3 and 4, polymorphic sites have virtually no effect. Given that by far the majority of polymorphisms are autapomorphies (table 2) , this is perhaps not surprising. Overall, the data strongly support the sister status of D. sechellia and D. mauritiana, in agreement with our previous DNA-DNA hybridization data. Hey and colleagues (Kliman and Hey 1993; Hey and Kliman 1993, 1994; Hilton, Kliman, and Hey 1995) sequenced four genes in six strains each of the three species of the sim-triad. For all four genes, they found that the alleles from each species did not always form a monophyletic group, especially those from D. simuluns. These observations on the sim-triad are not incompatible with the conclusion drawn here. While alleles may be shared between closely related species due to ancestral polymorphism, when averaged across many loci, the divergence between alleles taken from two different species should be greater than that between alleles sampled within a species. Evidently, the 13 loci studied here had sufficient phylogenetic signal to overcome the obfuscating effect of allele sharing. The combining of sequence data across loci is analogous to what is done in DNA-DNA hybridization experiments where the average divergence of the total single-copy genome is measured.
Two aspects of these results add confidence to our conclusions. Kim (1993) has shown that when different methods of phylogenetic estimation for DNA sequence data agree on the same topology, there is a significantly greater chance that the true phylogeny has been recovered. The three different methods used here (NJ, ML, and MP) produced very similar results. In fact, the only sister relationship supported simultaneously by all three is D. sechellia-D. mauritiana, which is especially strong for the combined data ( in table 3 ). In cases where even more species were available, this did not significantly affect the results (data not shown).
Because the polytene chromosomes of the sim-triad species are homosequential (i.e., have identical banding patterns), these chromosomes provide no phylogenetic information.
However, the mitotic chromosomes of the two island species do share a synapomorphy, namely a large pericentric band of heterochromatin on one of the large autosomes (Lemeunier, Dutrillaux, and Ashburner 1978) ; therefore, the detectable chromosome differences support the conclusions here. No strong evidence contrary to our conclusion was available at the time of the review of Lachaise et al. (1988) .
One recent data set interpreted to be contrary to our conclusion is that of Paplopoli, Davis, and Wu (1996) , who studied the density of genetic factors causing male sterility between species of the sim-triad. between two pairs provides limited phylogenetic information.
The conclusion that the island species shared a common ancestor after divergence from the continental species resolves an apparent "paradox of parallel evolution" in these species (Coyne and Kreitman 1986 ). Coyne and Kreitman pointed out several similarities between D. sechellia and D. mauritiana for traits potentially involved in the evolution of reproductive isolation. There is an increase in the number of teeth on the male sex combs in both species, their male genitalia have similar shape changes, both island species display the same asymmetry in mating propensity with D. simulans, and the "genetic architecture" of sperm motility in species hybrids is similar for the two species (a strong X chromosome effect with at least two genes, the proximal region having a stronger influence than the distal). Coyne and Kreitman tentatively favored these similarities as being due to parallel evolution as they felt the limited data then available did not support the existence of a lineage common to only D. sechellia and D. mauritiana. Our results argue (by parsimony) that at least aspects of these traits common to the island species arose while they shared common ancestry.
